A detailed study of J/ψ, ψ and Drell-Yan production in S-U collisions has been performed by experiment NA38 at the CERN SPS. This paper presents production cross sections and their centrality dependence, based on the largest sample of S-U events collected by the experiment.
Introduction
Statistical QCD predicts that, at sufficiently high energy density, matter should undergo a transition from the hadronic phase to a medium of partonic degrees of freedom, where quarks and gluons are no longer confined to specific hadrons. The formation of such a medium should induce considerable changes in the normal pattern of heavy quarkonia production. In particular, the production of J/ψ mesons should be suppressed, either due to the colour screening of the cc potential (ψ melting by 'Debye screening') or due to the breaking of the cc bound state by scattering with deconfined energetic gluons. Recent descriptions of these scenarios can be found in Ref. [1] .
J/ψ production in high energy nucleus-nucleus interactions has been studied by experiment NA38, at the CERN SPS, since 1986. The first results obtained with 200 GeV per nucleon oxygen and sulphur beams revealed [2, 3] that J/ψ production is indeed suppressed in ion collisions, both relative to the p-A case and as a function of the transverse energy, E T , released in the ion collisions. However, it was later found that the suppression pattern observed in S-U collisions was compatible with a natural extrapolation of the p-A trend [4] , where QGP formation is certainly not expected. To fully clarify this issue, NA38 collected a significantly larger sample of sulphur-uranium events. The corresponding results, reported in this paper, provide a very important element in the study of charmonium production and suppression, together with the results obtained in p-A [5] and in Pb-Pb [6] interactions.
Apparatus and data reduction
The sulphur data reported here were collected at the CERN-SPS in 1990, 1991 and 1992. The main features of the detector are recalled hereafter. Special emphasis is put on some differences with respect to the setup used in 1987, described in detail in Ref. [2] .
The main component of the NA38 detector was a muon spectrometer composed of a toroidal magnet between 2 sets of multiwire proportional chambers and 4 trigger hodoscopes. In the geometrical configuration used to collect the S-U data, muon pairs were accepted in the dimuon (lab) rapidity range 2.8-4.0. The muon spectrometer was protected from the high multiplicity environment of the target region by a 520 cm long hadron absorber. It was made of 40 cm of aluminum oxyde (Al 2 O 3 ) followed by 480 cm of carbon (graphite disks) in 'setup 1', while in 'setup 2' the last 80 cm of carbon were replaced by iron. Besides absorbing all the hadrons produced in the interaction (including a large fraction of pions and kaons before their decay into muons), the heavier absorber imposes a higher threshold on the energy that the muons must have to trigger the experiment. In setup 2, therefore, the low mass muon pairs are strongly reduced at the trigger level, allowing to increase the intensity of the beam without affecting the aquisition dead-time. This effectively increases the statistics in the J/ψ mass region (see Table 1 ), degrading very little the mass resolution at the J/ψ peak, from σ = 142 MeV to 147 MeV, with an operating current of 4000 A in the spectrometer magnet.
In both setups the non-interacting beam was stopped by a 400 cm long tungsten and uranium plug located 165 cm downstream from the centre of the target.
The active target system in setup 1 (setup 2) consisted of 10 (12) uranium subtargets, each of them 1 mm thick (i.e. 1.7 % of a S-U interaction length). The targets were surrounded by 32 ring scintillators, used to identify the sub-target where the interaction occurred and to tag, for offline rejection, events where a spectator fragment has interacted in a subsequent sub-target. The small transverse dimensions of the targets (1 × 2 mm 2 ) and their large relative spacing (24 mm) were chosen to minimize the interaction of secondary particles (and the showering of photons and electrons) in the downstream sub-targets.
The first sub-target was larger than the others (10 × 10 mm 2 ) to intercept 100 % of the incident beam, allowing to determine the targetting efficiency of the whole system. The sulphur beam had a spot size of σ x 300 µm and σ y 600 µm. To help centering the beam on the sub-targets, the target system was aligned between two small quartz detectors, each 3 mm thick and subdivided into four quadrants.
A 15 radiation length electromagnetic calorimeter provided an estimate of the centrality of the collision from the measurement of the neutral transverse energy. It was made of 1 mm diameter scintillating plastic fibers embedded in a 14 cm thick lead converter in a 1:2 volume ratio. It measured the transverse energy E T in the (lab) pseudo-rapidity range 1.7-4.1. The neutral transverse energy was obtained from the measured value after correcting for the contribution from charged hadrons. This charged component amounted to ∼ 40 % according to a Monte-Carlo simulation which used a ratio 2:1 of hadronic to electromagnetic energy flux [7] .
A beam hodoscope (BH) was used to count and identify the beam particles. It was made of two consecutive planes of plastic scintillators, one divided in 16 and the other in 14 slabs. It was located 33 m upstream of the target, where the beam spot was large enough (σ x 3 mm, σ y 8 mm) to intercept most of the slabs and induce acceptable individual counting rates. The average beam intensity and the number of interactions in the 4.5 s spill is shown in Table 1 for the two data sets. At high luminosities, the probability of having two interactions in the 20 ns wide reading gate of the detectors is not negligible. If not rejected, these double interactions would spoil the transverse energy measurement. Events are tagged as 'beam pile-up' when more than one incident ion crosses the BH in the 20 ns gate [2] , but since the target thickness was ∼ 20 % λ I , there is only a small fraction of this event sample where two interactions actually occurred. The 'interaction pile-up' sub-sample is identified through the shape analysis of the electromagnetic calorimeter signals.
The final analysis event sample is selected according to the criteria described in Refs. [2, 3, 8] which, briefly summarized, require two reconstructed tracks with a common origin in the target region, no reinteraction of a spectator fragment and no pile-up. Table 1 reports the number of events before and after applying the selection cuts.
Besides prompt dimuons (vector meson decays andannihilation), the measured opposite-sign muon pair event sample also includes muon pairs originating from meson decays. The correlated muon pairs from the simultaneous semileptonic decays of D andD mesons must be purely estimated by Monte-Carlo simulation. On the contrary, the uncorrelated muon pairs resulting from decays of pions and kaons also contribute to the sample of like-sign muon pairs. This source of background can, therefore, be estimated from the collected data using the relation
where
is the number of positive (negative) muon pairs. Since this relation is only valid if the muon acceptance in the apparatus is independent of its charge, a fiducial cut is applied which rejects events where at least one muon, if oppositely charged, would not have been accepted. R bg reflects eventual charge correlations among the numbers of positive and negative muons. For high multiplicity events, like those produced in S-U collisions, R bg is expected to be unity. The prompt dimuon signal is obtained from N signal = N +− − N bg , where N +− is the number of collected events with opposite-sign muon pairs. Figure 1 shows that the number of background events, N bg , is a very small fraction of the number of collected opposite-sign events, N +− , in the mass window of relevance for this paper: less than 1 % in the J/ψ peak and less than 3 % in the ψ mass region. 
Data analysis
The aim of this study is to obtain the yield of J/ψ and ψ mesons through their dimuon decay and to compare with the corresponding yield of Drell-Yan pairs. The analysis is restricted to the kinematical domain where the acceptance of the spectrometer is above 10 % of its maximum value, i.e. a dimuon lab rapidity between 3 and 4, and a dimuon polar decay angle in the Collins-Soper reference frame limited to | cos(θ CS )| < 0.5. Figure 2 shows the muon pair invariant mass spectrum, as collected with setup 2, after background subtraction. The numbers of J/ψ, ψ and Drell-Yan events are extracted by fitting the signal dimuon mass distribution to a superposition of line shapes representing these three contributions. The line shapes are obtained by a Monte-Carlo procedure that generates events and simulates the acceptance and smearing effects, as induced by the detector. These simulated events are treated in the same way as the real events in what concerns reconstruction and selection criteria.
The charmonia resonances are generated with gaussian rapidity distributions (of width 0.6) and with transverse momenta given by
) (with T = 236 MeV). The quoted parameter values were found through an iteration procedure that resulted in a good agreement between the resulting rapidity and p T shapes and the measured J/ψ distributions [9] . The charmonia events are generated according to a uniform cos(θ CS ) distribution.
The (correlated) mass and rapidity distributions of the Drell-Yan events are generated with the LO expression, using the GRV LO 92 set of parton distribution functions [10] . The polar decay angle follows the usual 1 + cos 2 (θ CS ) distribution 4 while the transverse momentum is generated with the same function as the J/ψ, but with a variable dimuon mass.
It is important to note that the results presented in this paper are completely insensitive to the exact shape of the p T distributions used to generate the events. Indeed, the acceptance of the muon spectrometer is rather flat as a function of p T , down to p T = 0 for dimuon masses above ∼ 2 GeV/c 2 , making the integrated acceptances independent of the generation function.
The intermediate mass continuum (between the φ and the J/ψ peaks) produced in p-A and S-U interactions has been analysed as a superposition of muon pairs originating from the Drell-Yan mechanism and from semi-leptonic decays of D and D mesons [9, 11] . From those studies we know that the mass spectra can be very well described by the superposition of these expected sources, if the normalisation of the DD contribution is fitted from the data.
In order to keep the charmonia analysis as insensitive as possible to the physical understanding of the lower mass continuum, the dimuon mass distributions are fitted in the window above 2.9 GeV/c 2 . The normalisation of the DD curve is previously fixed from a fit to the mass window 1.5-2.0 GeV/c 2 and, as can be appreciated from Fig. 2 , has a negligible effect in the analysis of the high mass region.
The analytical curves presented in Fig. 2 are empirical parametrisations of the mass distributions of the four simulated physical processes, as they appear after the acceptance and smearing effects induced by the spectrometer [12] .
In view of the extremely high statistics collected in the J/ψ peak, the Monte-Carlo simulation shapes must be slightly adjusted to precisely reproduce the measured J/ψ shape, to prevent any bias on the results of the fit in terms of yields. This is done by leaving as free parameters in the fit the mean, µ, and width, σ, of the J/ψ "gaussian" [12] . These two parameters are also used to adjust the analytical function that describes the ψ simulated shape, imposing µ = µ + 0.589 GeV/c 
Absolute cross sections and ratios
The absolute cross section of J/ψ production in S-U collisions was determined from an event sample collected with setup 1, for which the luminosity has been precisely measured [9] .
The incident flux of Sulphur ions is determined by the beam hodoscope. A small fraction of the beam flux, 3.15 %, interacts in the quartz beam detector, BI, located just upstream from the target. These interactions are identified by the active target system and rejected from the analysis event sample. The calculation of the integrated 5 luminosity takes into account this absorption factor.
The effective length of the target is calculated from the length of the first subtarget (which intercepts all the beam profile) using the ratio between the number of events produced in all the sub-targets and in the first sub-target. This ratio is computed using only the events with a muon pair in the mass range 2.7-3.5 GeV/c 2 , where the background contribution can be neglected.
The efficiency of the algorithm that recognises the sub-target where the interaction took place depends on the number of charged particles released in the collisions and, therefore, on E T . Very peripheral S-U collisions, with E T below 13 GeV, have a subtarget recognition efficiency lower than 15 % and were rejected. We have estimated the fraction of events surviving this cut, 92 ± 1 %, using the E T distribution before applying the sub-target recognition algorithm. We must correct for this 'acceptance' to obtain the total (all E T ) cross sections. For the selected event sample, the average efficiency to identify the interaction sub-target is 84 ± 3 %.
The fraction of events that survive the pile-up selection cut is 92 ± 1 %, while for 87 ± 1 % of the events no reinteraction is detected in a downstream sub-target.
To calculate the J/ψ absolute cross section, we also need to take into account the track reconstruction efficiency (95 ± 4 %), the trigger efficiency (94 ± 4 %) and the acceptance of setup 1 for J/ψ production, 19.8 %. The total systematic error affecting the absolute cross sections amounts to ∼ 8 %.
From a sub-sample of events collected with the setup 1, in the kinematical domain 3.0 < y < 4.0 and | cos(θ CS )| < 0.5, we obtain Bσ ψ = 7.78 ± 0.04 ± 0.62 µb for the J/ψ cross section (multiplied by the branching ratio into muons).
This measurement is in good agreement with the value previously published [13] by NA38, based on the data collected in 1987, once extrapolated to the whole cos(θ CS ) domain and to x F > 0. From the high statistics event sample collected with setup 2 (see Table 2 ), we have measured very precisely the ratios Bσ ψ /Bσ ψ = 0.76 ± 0.04 % and Bσ ψ /σ DY = 25.1 ± 0.8, integrating the Drell-Yan cross section between 2.9 and 4.5 GeV/c 2 . It is important to note that systematical errors arising from normalisation uncertainties do not affect these ratios.
From these ratios and the J/ψ absolute cross section, we have computed the ψ and the Drell-Yan cross sections: Bσ ψ = 59.1 ± 6.2 ± 4.7 nb and σ DY = 310 ± 10 ± 25 nb (in the mass window 2.9-4.5 GeV/c 2 ).
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Centrality dependence of charmonia production
In the context of using charmonia suppression as a signature of QGP formation in nucleus-nucleus collisions, it is very important to understand how the production yields change from peripheral to central collisions. This study is considerably facilitated by using as a reference the production of (high mass) Drell-Yan dileptons, a well known process, linearly proportional to the number of nucleon-nucleon collisions and not expected to be affected by QGP formation. We use the neutral transverse energy measured by the electromagnetic calorimeter, E T , to study charmonia production in S-U interactions as a function of the centrality of the collision. The transverse energy distribution for Drell-Yan pairs with an invariant mass above 4 GeV/c 2 is shown in Fig. 3 . The spectrum is corrected for the target identification inefficiency and is normalized to the integrated cross section value. The total sample of muon pair events is divided into 5 approximately equipopulated sub-samples, according to the transverse energy of the event. Table 3 includes the E T ranges of each bin. Events above E T = 88 GeV, in the tail of the E T distribution (see Fig. 3 ), have not been used in this centrality dependence study.
The mass distributions obtained for each sub-sample of events are fitted as previously explained, using as free parameters the total number of J/ψ events and the ratios Bσ ψ /σ DY and Bσ ψ /Bσ ψ . The µ and σ parameters are fixed to the values obtained from the total sample of events. Table 3 shows the fitted values. Figure 4 shows the E T dependence of the ratios Bσ ψ /σ DY and Bσ ψ /σ DY . Both ratios decrease significantly as E T increases, i.e. as the interaction becomes more and more central.
The Bσ ψ /Bσ ψ ratio has been shown to be constant from pp to p-U [5] , with an average value of 1.64 ± 0.03 %. The band on the right side of Fig. 4 has been derived from the Bσ ψ /σ DY pattern assuming that the same value would still hold in S-U reactions. The ψ /ψ ratio measured in S-U collisions is more than a factor of 2 lower than the p-A value, and the difference is seen to be more pronounced in the most central interactions. While in p-A collisions the nuclear medium has exactly the same influence on the two charmonia states, as if they were the same (preresonant) state, in the case of S-U collisions the J/ψ and ψ (fully formed) resonances clearly suffer different interactions with the surrounding matter.
It is important to compare these results on the centrality dependence of charmonia production with model calculations and with results from other experiments. However, it is not easy to directly compare the E T distributions measured by NA38 with theoretical calculations of E T or with other centrality related variables, measured by other experiments. This emphasizes the importance of converting the measured transverse energy in a variable more directly related to the geometry of the nucleusnucleus collisions, as the impact parameter, b.
The relation between the neutral transverse energy and the impact parameter of the reaction has been determined with a geometrical model that properly describes the S-U E T spectra. This simulation is based on an improved version of the model described in Ref. [8] . The transverse energy is computed as being proportional to the number of wounded nucleons [14, 15] , calculated for each impact parameter from the overlap of the nuclear density distributions. We have used the Woods-Saxon nuclear densities with the numerical values tabulated in Ref. [16] . The calculation incorporates gaussian fluctuations in the correlation between the number of wounded nucleons and the released transverse energy. The resulting correlation between E T and the impact parameter can be seen on the left side of Fig. 5 , while the average values of b, and of E T , are collected in Table 4 , for each of the five centrality bins used in this paper. Table 4 : Average values of E T , impact parameter and L, for each E T bin. The error bar given with L is the r.m.s. value corresponding to the width of the E T bin. It has been empirically observed [4] that the measured J/ψ yields follow a simple exponential scaling as a function of the length of nuclear matter, L, crossed by the charmonia state. This purely geometrical variable, fully determined from the impact parameter of the collision, has been determined by a geometrical simulation similar to the one described above. The calculated correlation between E T and L is presented on the right side of Fig. 5 , while the average values of L in our five E T bins are included in Table 4 .
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The dependence of charmonia production on the centrality of the S-U interactions, as parametrised by the variable L, is shown in Fig. 6 . The scaling of the J/ψ yields on L suggests [4] that the suppression of charmonia production relative to the Drell-Yan yield is due to final state absorption of the cc states while moving through the nuclear matter. Within this interpretation, the pattern of charmonium suppression should be, to first order, an exponentially decreasing function of L. Fitting the J/ψ data to the expression exp(−ρ σ abs L), and using an average nuclear density of ρ = 0.17 nucleons/fm 3 , we obtain an absorption cross section of σ ψ abs = 5.68 ± 1.92 mb. Only statistical errors were taken into account since this value is fully determined by the relative variation of the J/ψ yield from peripheral to central S-U collisions. A more refined treatment of the collision geometry (see Ref. [15] ) leads to an absorption cross-section ∼ 13 % higher than the value obtained in the simplified procedure described here.
If we apply the same procedure to the ψ data we find a four times bigger absorption cross section, quantifying the stronger suppression of ψ production in S-U collisions.
Conclusions
Charmonia and Drell-Yan production cross sections have been measured in S-U interactions, at √ s = 20 GeV. In the kinematical domain defined by 3.0 < y < 4.0 and | cos(θ CS )| < 0.5 we obtain Bσ ψ = 7.78 ± 0.04 ± 0.62 µb, Bσ ψ /Bσ ψ = 0.76 ± 0.04 % and Bσ ψ /σ DY = 25.1 ± 0.8, integrating the Drell-Yan cross section between 2.9 and 4.5 GeV/c 2 . The J/ψ production cross-section per nucleon-nucleon collision decreases with increasing centrality. A significantly steeper decreasing pattern is observed for the ψ resonance.
